The inherent transport anisotropy of rutile tin dioxide (SnO 2 ) determined by van der Pauw measurements and its consequences for applications Oliver Bierwagen 1 and Zbigniew Galazka The anisotropic electron mobility of unintentionally doped, single crystalline, bulk, rutile SnO 2 (100) and (110) wafers is investigated by van der Pauw-Hall measurements. The room temperature average Hall electron mobility of l % 220 cm 2 /V s at a Hall electron concentration of n % 10 18 cm À3 suggests high-quality samples. The extracted 1.26 times higher mobility in the c-direction than perpendicular to it is in very good agreement with the corresponding anisotropy of the effective electron mass, which is 1.28 times higher perpendicular to c than parallel to c, suggesting rather isotropic scattering mechanisms. At temperatures below 100 K, a higher mobility anisotropy is found and tentatively attributed to low-angle grain boundaries with a surprisingly low energy barrier. Thus, the efficiency of mobility-sensitive applications, such as field effect transistors, increases by aligning the transport direction with the c-direction of the crystal. For transparent contact applications, such as Sb-or F-doped SnO 2 (termed "ATO" or "FTO," respectively), this benefit is expected to be even larger due to the increasing effective mass anisotropy with the increasing electron concentration. Published by AIP Publishing. https://doi.org/10.1063/1.5018983
The n-type wide-band gap semiconductor tin dioxide, SnO 2 , has been used for decades in conductometric gas sensors. 1 Likewise, highly doped by Sb or F it has been used as the transparent conducting oxide (TCO) "ATO" or "FTO," respectively, for heat-reflecting coatings on windows and transparent contacts on displays and solar cells. 2 While these applications are typically realized with polycrystalline SnO 2 , recent years have brought renewed interest in single crystalline semiconducting oxides for fundamental research, 3 ultimate material performance, and novel applications such as transparent electronics. 4 SnO 2 crystallizes most commonly in its stable, rutile crystal structure P4 2 /mnm or D 14 4h (SG136). This structure is characterized by an anisotropic, tetragonal unit cell, as schematically shown in Fig. 1(a) , with lattice parameters a ¼ b ¼ 4.7367 Å and c ¼ 3.1855 Å , 5 suggesting anisotropic material properties. Already decades ago, Fonstad et al. 6 reported the growth of SnO 2 bulk single crystals by the vapor phase growth. High-quality samples were characterized by a high electron mobility of l ¼ 260 cm 2 /V s and a low electron concentration of n ¼ 8.5 Â 10 15 cm À3 at 300 K. 7 A small mobility anisotropy
of A ¼ 0.83 (i.e., with 1.2 Â higher mobility ? c than k c) at 300 K and isotropic mobility (A ¼ 1) at 77 K has been determined by Fonstad et al. in a Hall-bar-like approach using a 1 mm Â 1 mm, square shaped sample. 7, 8 Using very similar high-quality SnO 2 , Button et al. 9 determined the anisotropic effective electron mass m* by cyclotron resonance, reporting m* perpendicular and parallel c to be m 
The electron mobility l, which influences the performance of TCOs and (transparent) electronics such as field effect transistors, is related to m* by
FIG. 1. XRD of samples S100 and S110. The intensity of S110 has been offset for clarity. (a) Schematics of the SnO 2 unit cell, its basis vectors a, b, and c, and orientation of the (100) and (110) planes. (b) Symmetric, on-axis, 2H À x scans of S100 and S110, respectively. The identified peaks are labeled by their Miller indices for rutile SnO 2 . (c) x-rocking curves around the symmetric on-axis 200 and 110 reflexes of S100 and S110, respectively, given with a linear intensity scale. (c) U-scan of the off-axis 101 and 222 reflexes for S100 and S110, respectively, given with intensity on a linear scale.
with electronic charge e and the momentum relaxation time s that is determined by the scattering mechanisms. (In this simplified approach, we neglect the potential dependence of s on m* that may arise, e.g., in the case of spatially fixed scattering centers through the impact of m* on the Fermi velocity.) An example of intrinsically anisotropic electron mobilities due to anisotropic m* is that in single crystalline 6H-SiC. 10 Another cause of intrinsically anisotropic electron mobilities is an anisotropic s, e.g., due to anisotropic piezoelectric scattering in single crystalline ZnO. 11 In defective or polycrystalline materials, potential barriers with height E B at planar defects or grain boundaries reduce the electron mobility for transport across these planes. 12 Following the approach from Ref. 13 , the thermally activated hopping over barriers with a fixed height result in the reduced mobility
with the mobility unperturbed by potential barriers l 0 , e.g., the mobility inside a single crystalline grain or domain, absolute temperature T, and Boltzmann constant k. Such planar defects can thus result in extrinsically anisotropic charge carrier mobilities, which has been demonstrated, for example, in p-doped GaN films containing basal plane stacking faults. 14 Another source of planar defects can be excessive doping, e.g., by the formation of coherent dopant-rich platelike precipitates at the {100} planes in the case of Ga-doped SnO 2 . 15 In this letter, we determine the temperature-dependent anisotropic electron mobility of single crystalline, rutile bulk SnO 2 wafers with a moderate electron concentration based on van der Pauw-Hall measurements with well defined contact geometry. A large correspondence of mobility-and effective mass anisotropy is shown, and conclusions on rather isotropic scattering times are drawn. Finally, suggestions on crystal orientation towards optimized electron device and TCO applications are given.
Unintentionally doped SnO 2 bulk single crystals with an electron concentration of n % 10 18 cm À3 , likely related to hydrogen acting as a donor, [16] [17] [18] were grown by the physical vapor transport method under SnO-rich conditions. 17 Two 5 mm Â 5 mm Â 0.5 mm square shaped wafers, S100 and S110 with (100) and (110) surface orientation [cf. Fig. 1(a) ], respectively, were prepared from two different bulk crystals. Both these crystals were grown from the same starting material under the same conditions except for a lower growth temperature of the crystal used for S110. As a result, S110 contains low-angle grain boundaries, as discussed later, which are not present in S100. The wafers were double side polished by CrysTec GmbH. Surface profilometry across the entire wafers indicated thickness fluctuations below 1 lm in S100 and up to 5 lm due to the grains in S110, both of which are negligible in comparison to the total thickness of 500 lm. By symmetry of the rutile crystal structure, the conductivity is expected to be isotropic in the plane spanned by the two equivalent axes a and b, and a potentially different conductivity is expected along c. The principal axes of conductivity (k c) and (?c) were thus aligned with the edges of the square shaped samples during wafer preparation as a prerequisite for extracting the transport anisotropy by the van der Pauw method. 19 The crystal orientation as well as crystal quality of these samples was determined by X-ray diffraction (XRD) using Cu-Ka radiation and a 1 mm detector slit. Wide-range, symmetric, on-axis, 2H À x scans shown in Fig. 1(b) indicate phase-pure (100) and (110)-oriented, rutile SnO 2 for S100 and S110, respectively, as seen by the presence of only 100 and 110 reflexes and their higher orders. The x-rocking curves, sensitive to lattice tilting, of the 200 and 110 reflexes for S100 and S110, respectively, are shown in Fig. 1(c) . For S100, a single sharp peak is seen, whereas the rocking curve of S110 consists of a finite number of sharp peaks spreading a tilt-range of % 7
. To determine the in-plane orientation of the c-axis as well as the twisting of the lattice or the presence of rotational domains, off-axis XRD peaks in both samples were measured by U-scans with rotational angle U around the surface normal. In these scans, the off-axis diffraction peaks were measured in skew-symmetric geometry with the sample tilted by the angle W. The results in Fig. 1(d) show two large peaks separated by 180 for both samples in agreement with the 2-fold rotational symmetry of (100) and (110) orientated single crystalline rutile SnO 2 , i.e., without rotational domains. Again, for S110, few discrete peaks within a range of 16 are visible. The characteristics of the x-rocking curves and U-scans suggest S100 to be rather single crystalline, whereas S110 consists of a finite number of similarly oriented grains with small-angle (few degrees) grain boundaries. The optical micrographs (taken by a Zeiss Axioplan with a 1.25Â objective, top illumination, neither polarizers nor filters) of both samples shown in Figs. 2(a) and 2(b) corroborate this assignment and indicate macroscopically large grains in S110. Thus, comparison of S100 and S110 allows 2018) us to study the effect of small angle grain boundaries on electron transport. The c-axis is exactly oriented along the sample edge in S100, whereas the c-axes of the grains in S110 are misoriented with angles of 10 6 8 with respect to the sample edge.
For the electron transport measurements, a square arrangement of 0.4 mm diameter, disc-shaped contacts, close to the sample corners, was prepared on both samples, as shown in the micrograph in Fig. 2(a) for sample S100. The distance between the contacts was chosen to be 3.6 mm along both perpendicular directions. The resulting distance of the contacts to the sample edges of 0.5 mm prevents unintentional contact to the side faces of the sample, thus ensuring reproducible and well-defined current distributions by current injection only through the top surface. The contacts, consisting of a 20 nm Ti/150 nm Au stack electron-beam evaporated through a shadow mask, were ohmic without further annealing. 20 Van der Pauw-Hall measurements 21 of these samples were performed between temperatures of T ¼ 300 K and T ¼ 25 K in a He-flow cryostate using a magnetic field of 60.5 T perpendicular to the wafer surface and a DC sample current of 61 mA. At T ¼ 300 K for both samples, the resistance between adjacent contacts was %4 X and the sheet resistance was %0.8 X.
During the measurements, four-terminal resistances, R ¼ V/I as schematically shown in Fig. 2(c) , along the edges perpendicular and parallel to c, R ?c , and R kc , respectively, were determined. They result in the van der Pauw anisotropy A vdP ¼ R ?c =R kc . In contrast to the Hall-bar method, the inplane potential distribution [cf. Fig. 2(c) ] is inherently inhomogeneous in the van der Pauw method. As a result, A VdP is larger than and increases superlinearly with the actual ratio q ?c =q kc of the in-plane resistivities perpendicular and parallel to c, q ?c , and q kc , respectively, 19 making this method particularly advantageous to determine weak transport anisotropies (with q ?c =q kc close to unity). Since q ¼ 1/(enl), the ratio q ?c =q kc is identical to the mobility anisotropy A defined in Eq. (1) . The relationship between A and A VdP as well as the formalism to extract the anisotropic transport properties from the van der Pauw measurement is described in detail and verified by comparison to measurements of oriented Hall-bars in Ref. 19 for the case of the principal axes of anisotropic conductivity being oriented along the two perpendicular sample edges.
The van der Pauw method is quantitatively valid only for infinitesimally small contacts placed at the sample periphery and requires correction factors for deviations from this ideal contact geometry. 21 To account for the actual contact geometry used here, we performed two-dimensional finite element simulations as described in Ref. 19 using the FREEFEMþ software. 22 Here, we have also taken into account the finite contact size which can be seen at the simulated potential distributions in Fig. 2(c) . (Note that, despite the 3-dimensional nature of the bulk sample, a 2-dimensional treatment suffices as current rapidly spreads across the entire sample thickness as long as the contact distance-3.6 mm in our case-is larger than twice the sample thickness-2 Â 0.5 mm in our case. 23 ) As a result, we numerically extracted the relationship between A and A VdP [Figs. 2(d) and  2(e) ] for the geometry shown in Fig. 2(a) . To account for the misorientation of the c-axes in sample S110, we also calculated A(A VdP ) for a conductivity tensor rotated by 10 and estimated its uncertainty due to the rotational spread by comparison to A(A VdP ) calculated with exactly oriented and 20 rotated conductivity tensor. Additionally, we obtained the corrections for the van der Pauw and Hall results of the sheet resistance, sheet carrier concentration, carrier mobility (R VdP , n VdP , and l VdP ) measured with the actual contact geometry with respect to their true counterparts (R, n, and l) that would be measured in the ideal geometry as R ¼ R VdP / 0.96, n ¼ n VdP Â 0.77, and resulting l ¼ l VdP /0.8. For homogeneous samples, the placement of contacts in the sample interior for van der Pauw-Hall measurements can be accounted for by the above mentioned correction factors. Caution has to be taken, however, for laterally inhomogeneous samples with higher conductivity at the sample periphery which could even indicate the wrong carrier type in these measurements. 24 The reliability of our method depends critically on the known and well-defined contact geometry since any geometry anisotropy ðL ?c =L kc Þ strongly influences A vdP . 19 Based on a maximum contact misplacement of 0.1 mm in our experiment causing a geometrical aspect ratio of the contact pattern of 1.028 in the worst case (instead of unity), Eq. (11) in Ref. 19 estimates the impact on measured A to be a factor of 1.056. Hence, we assume a maximum relative uncertainty of 66% for A in our method (and larger for S110 as discussed above). Measurements of an isotropic, cubic, n-type In 2 O 3 25 reference sample grown from the melt 26 without detectable planar defects, using the same substrate size, contact pattern, and its preparation as described above resulted in an experimental anisotropy of A ¼ 1.02-well below our estimated uncertainty.
The extracted mobility anisotropy A of S100 and S110 and the experimental data from Ref. 7 are shown in Fig. 3(a) . Both samples show anisotropic transport properties. Between 300 K and 120 K, A of S100 and S110 agrees fairly well. Moreover, in the same temperature range, the effective mass anisotropy A m Ã ¼ 1:28, shown as a dashed line in Fig. 3(a) , is in good agreement with A ¼ 1.26 6 0.08 for both samples. The temperature dependent electron concentration of S100 and S110 shown in Fig. 3(c) shows a freeze-out with decreasing temperature starting at 8 Â 10 17 cm À3 and 6 Â 10 17 cm
À3
, respectively, at 300 K-low enough to exclude the effect of conduction band nonparabolicities on m* and thus justify comparison to A m Ã . 27 These results strongly suggest A m Ã to be responsible for A, i.e., A ¼ A m Ã , which would suggest scattering mechanisms with fairly isotropic s. The extracted temperature-dependence of the mobilities for both samples and principal transport directions, shown in Fig. 3(d) , suggests dominant phonon scattering above %200 K and an increasing influence of ionized impurity scattering below this temperature, such that both scattering mechanisms seem to yield isotropic s. corroborates the high crystalline quality of our samples, necessary to draw conclusions on the inherent transport anisotropy by excluding a substantial extrinsic influence, e.g., due to planar defects. The A reported by . Hence, one can extract the barrier formed by these planar defects from the Arrhenius plot of A, shown in Fig. 3(b) . The activation energies E B of 0.3 meV and 1.25 meV for S100 and S110, respectively, are surprisingly small, explaining a negligible impact on the transport anisotropy above 100 K. The larger activation energy for S110 would agree with the presence of low-angle grain boundaries along c, detected by XRD [Figs. 1(c) and 1(d)] and clearly visible in the micrograph [ Fig. 2(b) ] in this sample but not in S100. Below 50 K, an increasing Hall electron concentration indicates the presence of a second carrier system with low electron mobility that becomes dominant as the conduction band electrons (with comparably high mobility) freeze-out. At T ¼ 25 K, its sheet electron concentration of %10 16 cm À2 is orders of magnitude too high and the sheet resistance of %25 X is orders of magnitude too low to be explained by a surface electron accumulation layer. 28 In addition, the comparison of Hall measurements between polished samples before and after surface etching did not show any appreciable difference, suggesting negligible conductance in a potentially present surface damage layer due to polishing. We thus attribute the conduction at this low temperature to donor band conductivity for which, besides extended defects, an anisotropic spatial correlation of the donors may also cause transport anisotropy.
To summarize, at application-relevant temperatures (>100 K), SnO 2 shows an inherent mobility anisotropy with the highest mobility in the c direction, which is caused by and agrees with the effective-electron-mass anisotropy (A ¼ A m Ã ) with the lowest m* along the c direction.
Conventional and novel (opto)electronic applications of SnO 2 which benefit from a high electron mobility can thus gain performance by aligning the primary transport direction, e.g., source-drain direction in an SnO 2 -based field-effect transistor or the direction of desired current spreading in the transparent contact application with the c-direction of the SnO 2 . For thin films, this is usually an in-plane direction, which means that (hk0)-oriented films ensure maximum intrinsic in-plane mobility, whereas (001)-oriented films would have the lowest intrinsic in-plane mobility. Recently, the dependence of the anisotropic effective electron mass on the electron concentration has been determined 29 in single crystalline, Sb-doped SnO 2 films, 30, 31 with electron concentrations up to TCO-like 2.6 Â 10 20 cm
. An increase in the effective electron mass anisotropy to A m Ã ¼ 1:5 as well as the expected conduction band nonparabolicity has been identified with the increasing electron concentration, 29 in qualitative agreement with first principles calculations. 27 Thus, the electron mobility gain in the transparent contact application of highly donor-doped SnO 2 can be as high as 1.5 (or higher for electron concentrations >2.6 Â 10 20 cm
) by properly aligning the SnO 2 . As an example, the alignment of the c-axis in-plane has been realized by the epitaxial growth of (100)-oriented Sb-doped SnO 2 contacts on a GaN(0001)-based light emitting diode. 32 The rotational domains of these contacts result in a mobility gain of ffiffiffiffiffiffiffi ffi A m Ã p and an isotropic in-plane mobility. Even for non-epitaxial growth, a texture with preferred orientation of the c-direction in the plane of the layer can be realized by adjusting the growth conditions. 33, 34 Despite the total mobility reduction due to the barriers at grain or domain boundaries [i.e., by the exponential term of Eq. (4)], the total mobility of layers can still gain from the alignment of the c axis due to enhancement of the mobility l 0 inside the grains or domains.
See supplementary material for FEM study to validate the anisotropic van der Pauw method for transport anisotropy due to a finite number of oriented planar defects.
